Introduction {#sec1}
============

The silkworm, *Bombyx mori* L. (Lepidoptera: Bombycidae), is one of the most important model insects for Lepidoptera, which includes the most highly destructive agricultural pests. Recently, *B. mori* larvae and pupae were used as an insect factory system for the large-scale production of useful recombinant proteins ([@bibr06]). Due to these agricultural and industrial applications, the establishment of a convenient and effective method for gene function analysis is needed in this insect.

RNA interference (RNAi) is a conserved gene silencing mechanism triggered by double stranded RNA (dsRNA). RNAi knockdown experiments have been successfully performed in cultured *B. mori* cells by transfecting dsRNAs or expressing hairpin RNAs ([@bibr14]; [@bibr03]; [@bibr19]). The cytotoxicity and low efficiency of transfection, however, restrict its application for experiments requiring the "whole" cell population. In contrast to mammalian cells, non-sequence specific suppression of gene expression in response to long dsRNA was not observed in insect cells, including *B. mori* cells ([@bibr15]). In *Drosophila melanogaster* Meigen (Diptera: Drosophilidae) S2 cells, long dsRNA is rapidly bound on the cell surface and autonomously taken into the cells ([@bibr14]). Therefore, soaking RNAi would be an ideal method to induce specific gene silencing in *B. mori* cells without activating undesirable PKR/RNaseL pathways ([@bibr15]).

Recently, we reported the construction of the BmN4-SID1 cell lines ectopically expressing *Caenorhabditis elegans* transmembrane protein SID-1, which functions as a channel for the transport of dsRNA ([@bibr22]). The expression of *Caenorhabditis elegans* transmembrane protein SID-1 could trigger effective gene silencing in the BmN4-SID1 cells without affecting the cell viability. Moreover, high-throughput RNAi screenings have become a widely used method in model organisms ([@bibr09]).

In the present study, regulation of cell cycle progression was chosen as a model mechanism to further explore RNAi efficiency in the BmN4-SID1 cells. Six *B. mori* cDNAs, *CDK1, MYC, MYB, RNRS, CDT1*, and *GEMININ,* were cloned, and the effects of their knockdown upon cell cycle progression were analyzed. These data demonstrated the conspicuous usability of the BmN4-SID1 cells, and high-throughput RNAi screenings using this cell line will become a widely used approach for gene function analysis in *B. mori.*

Materials and Methods {#sec2}
=====================

Cell culture {#sec2a}
------------

The BmN4-SID1 cells constructed from BmN4 cells (from Dr. Chisa Aoki, Kyushu University Graduate School) were cultured in IPL-41 medium (Sigma-Aldrich, [www.sigmaaldrich.com](www.sigmaaldrich.com)) supplemented with 10% fetal bovine serum ([@bibr11]). In the BmN4-SID1 cells, *Caenorhabditis elegans* transmembrane protein SID-1 mRNA was overexpressed under the control of a strong viral OpIE2 promoter (Invitrogen, [www.invitrogen.com](www.invitrogen.com)).

RT-PCR {#sec2b}
------

Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed as described by Mon et al. ([@bibr10]) and Tsukioka et al. ([@bibr20]), except for the primers used. The primers used for RT-PCR in our study are listed in [Table 1](#t01_01){ref-type="table"}.

###### 

List of primers used in this study.

![](t01_01)

RNAi {#sec2c}
----

Double-stranded RNA was transcribed in vitro using T7 RNA polymerase as described by Tsukioka et al. ([@bibr14]). The DNA fragments containing partial cDNA sequences for *CDK1, MYC, MYB, RNRS, CDT1, GEMININ,* and a *GFP* variant gene *(Venus)* were amplified by PCR using the primers listed in [Table 1](#t01_01){ref-type="table"}. The PCR products were cloned into an EcoRV site of pZErO-2 (Life Technologies, [www.lifetechnologies.com](www.lifetechnologies.com)). The T7 promoter sequences were added on both termini of the target DNA fragments by PCR using ZERO-T7 primers ([Table 1](#t01_01){ref-type="table"}). The fragments with 2 T7 promoter sequences were transcribed by T7 RNA polymerase. To induce RNAi in BmN4-SID1 cells, dsRNAs were added to the IPL-41 medium directly.

Flow cytometry {#sec2d}
--------------

Flow cytometry analysis was performed with a Guava PCA-96 Flow Cytometer (Millipore, [www.millipore.com](www.millipore.com)) and the obtained data was analyzed using FlowJo software (Tree Star, [www.treestar.com](www.treestar.com)). Cells were fixed by adding 70% ethanol and kept at 4° C until used. Fixed cells were washed with PBS and then treated with RNaseA. Cells were stained by propidium iodide and analyzed immediately by the flow cytometer.

Results and Discussion {#sec3}
======================

Identification and expression profiles of the *Bombyx mori* cell cycle progression related genes {#sec3a}
------------------------------------------------------------------------------------------------

By RNAi screening of 11,971 *D. melanogaster* genes, Bjorklund et al. ([@bibr02]) found that depletions of 270 and 169 genes resulted in significant changes in G1 and G2 populations, respectively ([@bibr02]). From these, 6 genes exhibiting strong and typical RNAi phenotypes were selected as targets. The nucleotide sequences for *D. melanogaster CDK1, MYC, MYB, RNRS, CDT1,* and *GEMININ* were downloaded from NCBI (<http://www.ncbi.nlm.nih.gov/>). Using these sequences as queries, a NCBI TBLASTN search against the updated *B. mori* genome sequence was performed, and a full-length cDNA sequence for each *B. mori* ortholog was assembled. The 6 *B. mori* genes determined in this study were deposited in Gen-GenBank under the accession numbers of NM_001044047, AB649263, AB703262, AB703263, AB703260, and AB703261, respectively.

To examine the expression pattern of the 6 *B. mori* genes identified, semi-quantitative RT-PCR analysis was performed in various tissues from larvae on day 3 of the fifth instar and several *B. mori* cell lines. As expected, all cell cycle progression related genes were expressed ubiquitously ([Figure 1](#f01_01){ref-type="fig"}).

![Tissue and cell line-specific expression patterns of *Bombyx mori* cell cycle progression related genes. RT-PCR was performed to detect the expression patterns of 6 *B. mori* genes using the specific primers, and *BmGAPDH* gene was used as the internal control. High quality figures are available online.](f01_01){#f01_01}

Knockdown of G1 cell cycle regulators, *BmCDT1* or *BmMYC*, expression by soaking RNAi {#sec3b}
--------------------------------------------------------------------------------------

Like the *D. melanogaster* S2 cells, the stably transformed BmN4-SID1 cells uptake dsRNA spontaneously ([@bibr14]; [@bibr01]; [@bibr05]; [@bibr11]). The results of Mon et al. ([@bibr11]) implyed that the phenotype observed in the BmN4-SID1 cells by soaking RNAi was sequence-specific suppression, not an off-target effect.

To confirm utility of the BmN4-SID1 cells, soaking RNAi in *BmCDT1* or *BmMYC* was performed. Cdt1 is essential for loading Mem proteins into pre-replicative complexes during replication licensing, whereas Myc transcription factor is a key regulator of the G1 phase cell cycle. In human T lymphocytes, down-regulated c-MYC expression inhibits entry into S phase but not progress from GO to G1 ([@bibr04]). The efficacy RNAi against 2 genes can be analyzed by flow cytometry 7 days after the soaking. As shown in [Figure 2](#f02_01){ref-type="fig"}, 200 ng/mL of the dsRNAs specific for *BmCDT1 or BmMYC* arrested cell cycle progression at the G1 phase. The G1-S transition was profoundly affected by the depletion of *BmCDT1* because of its essential role in replication licensing, as 78.6% of cells were stopped at the G1 phase.

![Knockdown of *BmCDT1* or *BmMYC* expression by soaking RNAi. Knockdown efficiency and cell cycle analysis for the *BmCDT I* (A) or *BmMYC* (B) depleted BmN4-SID 1 cells was performed by RT-PCR and flow cytometry, respectively. In flow cytometry analysis, the number of control cells (dsVenus treatment) is indicated by the red line, and the number of cells treated with dsRNA for the *Bombyx mori* gene is indicated by the blue line. High quality figures are available online.](f02_01){#f02_01}

![Knockdown of *BmGEMININ* or *BmMYB* expression by soaking RNAi.. Knockdown efficiency and cell cycle analysis for the *BmGEMININ* (A) or *BmMYB* (B) depleted BmN4-SID1 cells was performed by RT-PCR and flow cytometry, respectively. In flow cytometry analysis, the number of control cells (dsVenus treatment) is indicated by the red line, and the number of cells treated with dsRNA for the *Bombyx mori* gene is indicated by the blue line. High quality figures are available online.](f03_01){#f03_01}

Knockdown of *BmGEMININ* or *BmMYB* **expression by soaking RNAi induces DNA** re-replication or DNA replication without cytokinesis {#sec3c}
------------------------------------------------------------------------------------------------------------------------------------

Geminin is reported to inhibit relicensing of replication by binding to Cdt1 and consequently preventing the loading of the Mcm proteins onto the pre-replication complex ([@bibr23]; [@bibr16]). In *D. melanogaster,* the *GEMININ* depletion results in re-replication of chromosomal DNA ([@bibr08]). Similarly, knockdown of *BmGEMININ* expression induced DNA rereplication ([Figure 3](#f03_01){ref-type="fig"}). This result demonstrated that the depletion of *BmGEMININ* was sufficient to allow re-replication in *B. mori.*

Myb was first identified as a key transcription factor in the regulation of the cell cycle, and subsequently was reported to be involved in the maintenance of genome stability through the regulation of genes related to G2/M transition ([@bibr21]; [@bibr07]). In murine embryonic stem cells, knockdown of *B-Myb* results in delayed transit through the G2/M phase, severe mitotic spindle, and centrosome defects ([@bibr18]). As shown in [Figure 3](#f03_01){ref-type="fig"}, the depletion of *BmMYB* arrested cell cycle progression at the G2/M phase and resulted in replication without cytokinesis. Compared to the murine ES and *D. melanogaster* S2 cells, however, the polyploid population was significantly higher in the BmN4-SID1 cells. It seems to be very easy to undergo mitosis without cytokinesis in arrested *B. mori* cells at the G2/M phase.

Knockdown of *BmCDKl* expression by soaking RNAi arrests cell cycle progression at the G2/M phase {#sec3d}
-------------------------------------------------------------------------------------------------

CDK1 is a Ser/Thr kinase that plays an important role in the G2/M transition process ([@bibr12]). After *BmCDKl* depletion, cell populations were increased at the G2/M phase compared to the control ([Figure 4](#f04_01){ref-type="fig"}). Unlike *D. melanogaster,* in which the *CDK1* knockdown caused cell death and also a giant cell and re-replication phenotype ([@bibr02]), the *BmCDKl* depletion failed to induce such a phenotype. In *B. mori,* Y-ray irradiation resulted in marked cells arrest at the G2/M phase but not undergoing apoptosis ([@bibr17]). Taken together, the results suggest that *B. mori* lacks death programs for apoptosis in the cells arrested at the G2/M phase.

![Knockdown of *BmCDK1* or *BmRNRS* expression by soaking RNAi. Knockdown efficiency and cell cycle analysis for the *BmCDK1* (A) or *BmRNRS* (B) depleted BmN4-SID1 cells was performed by RT-PCR and flow cytometry, respectively. In flow cytometry analysis, the number of control cells (dsVenus treatment) is indicated by the red line, and the number of cells treated with dsRNA for the *Bombyx mori* gene is indicated by the blue line. High quality figures are available online.](f04_01){#f04_01}

Knockdown of *BmRNRS* expression by soaking RNAi arrests cell cycle progression at the S phase and induces apoptosis {#sec3e}
--------------------------------------------------------------------------------------------------------------------

*BmRNRS* was depleted in the BmN4-SID1 cells. RnrS catalyzes the conversion of nucleotides to deoxynucleotides ([@bibr13]). Due to its essential role in DNA biosynthesis, the depletion of *RNRS* leads *D. melanogaster* S2 cells to S phase arrest ([@bibr02]). In the BmN4-SID1 cells, depletion of *BmRNRS* by RNAi arrested cell cycle at the S phase ([Figure 4](#f04_01){ref-type="fig"}). Unlike *D. melanogaster* S2 cells, the RNAi for *BmRNRS* was able to induce apoptosis. Interestingly, in contrast to the cells arrested at the G2/M phase, the BmN4 cells retain the ability to undergo apoptosis in response to nucleotide starvation. BmN4 cells exposed to UV irradiation temporarily arrested their cell cycle at the S phase then exited from the checkpoint, indicating that *B. mori* cells are more resistant to UV irradiation than *Spodoptera friigiperada* Sf21 cell ([@bibr17]). A possible explanation for this difference is that the cell cycle arrest caused by nucleotide starvation occurs a little earlier than that induced by UV irradiation, and *B. mori* cells might activate the cell death pathway in a narrow time window.

In conclusion, the present data demonstrated that soaking RNAi in BmN4-SID1 cells is effective in high-throughput loss-of-function analysis of *B. mori* genes.
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